distribution. The genetic consequences of two range expansions were investigated using genotypic data for nine microsatellite markers from opossums collected in Michigan, Ohio, and
In addition to the effects of climate change, contemporary range expansions may also be facilitated by human manipulation of the landscape and of populations. By clearing dense forests for timber and replacing the area with farmland, humans have increased available habitat and facilitated the expansion of generalists such as the coyote (Canis latrans Say, 1823; Parker 1995) . Where some species have capitalized on human land use change, others have been obstructed. Some expansions have been impeded by urban sprawl, with these species relying on patches of forested areas and derelict land to expand through urban areas (Gilchrist et al. 2015) .
Further, humans unknowingly transport organisms, both native and exotic species, to new environments. Genetic analyses have indicated that some range expansions are a combination of natural dispersal events and human-mediated introductions (Bronnenhuber et al. 2011; Moscarella 2011 ).
The Virginia opossum (Didelphis virginiana Kerr, 1792), a generalist mesopredator found from Central America to the Midwestern United States and southeastern Ontario, Canada, offers a unique opportunity to study a documented, on-going mammalian range expansion (Fig. 1; Gardner and Sunquist 2003; Kanda 2005; Myers et al. 2009 ). The genus, Didelphis, was part of the Great American Interchange, spreading into North America from South America approximately 800 000 years ago (Graham and Lundelius 2010) . Historical documentation from fur trappers and naturalists have allowed for a rough estimate of the timing of the opossum's continued expansion into the Midwestern United States. As recently as 1600, the opossum's northern range was limited to northern Ohio (reviewed by McManus 1974) . Opossums were first observed in southern Wisconsin in the 1850s and, as their population grew in the 1920s, they began to spread further north (Jackson 1961) . In the adjacent Upper Peninsula of Michigan (UP; 1980s, but opossums have yet to reach the eastern half of the UP (Myers et al. 2009 ). It is speculated that land clearing in the 1820s and 1830s facilitated expansion of D. virginiana into the Lower Peninsula of Michigan (Fig. 2) , but the species did not become common in southern Michigan until the 1920s (Dice 1927; Baker 1983) . Opossums were first observed in the northern half of the lower peninsula in the 1940s, but were not considered well established until 1990 established until (Burt 1948 Myers et al. 2009 ).
A lack of substantial landscape barriers for opossums (Beatty et al. 2012) , coupled with their nomadic behavior, illustrated by fathers and offspring discovered up to 33 km apart (Gardner and Sunquist 2003; Beasley et al. 2010) , suggest that very little is preventing their continued dispersal northward, provided they can survive winters. Opossums collared with GPS units in Michigan had home ranges calculated between 10.9 and 200 hectares, depending on the equation used, with no difference between sexes (Walter et al. 2013) . Opossums must be able to forage at least 35 days in the winter to avoid starvation, and they do not forage when temperatures are below -2°C or in deep snow, which hinders locomotion (Brocke 1970) . Based on these observations, it has long been hypothesized that the opossum's continued expansion in Michigan was due to warming temperatures associated with climate change (Brocke 1970; Myers et al. 2009 ). However, a study that modeled opossum demographic data demonstrates that a winter survival rate of ≥ 0.67 is required to sustain opossum populations at northern latitudes (Kanda and Fuller 2004) . This survival rate is higher than would be predicted based on their physiology even with winter temperatures ameliorated by climate change. Because climate change alone cannot explain why opossums have expanded so far north, Kanda proposed that urbanization has facilitated opossum survival in northern parts of their range (2005) .
The expansion of D. virginiana provides an opportunity to investigate the long-term movement of opossums and compare two edge populations to putative source populations that have been established for over 100 years. Peripheral populations are shaped by the length of time since initial establishment and subsequent gene flow, and are typically expected to have reduced genetic diversity compared to neighboring and central populations (Excoffier et al. 2009 ).
Microsatellite data were used to evaluate this population genetics prediction by comparing the recently established edge populations of D. virginiana in the northern Lower Peninsula (NLP) and Upper Peninsula of Michigan (UP) to more central populations in southern Michigan, Ohio and Wisconsin, respectively (Fig. 2) . The parallel expansions into UP and NLP provide an opportunity to identify correlations between genetic diversity and human and climate variables in each region to test Kanda's (2005) hypothesis that opossum winter survival is due to urbanization.
Materials and methods

Tissue Acquisition
Tissue samples were collected from east of Lake Michigan in Ohio and the Lower Peninsula of Michigan and west of Lake Michigan in Wisconsin and the Upper Peninsula of Michigan (Fig. 2) . Opossum tissue samples of ear, tail, lip, or hair follicles were collected from roadkill, carcasses at a wildlife rehabilitation center, and trapped specimens between May 1 and November 20, 2013 and accessioned into the University of Michigan Museum of Zoology tissue collection (MZ 11501-11611) . Except for hair, the tissue to be sampled was cleaned with an alcohol swab and collected using a sterile razor. Tissue samples were placed in DMSO tissue buffer (20% dimethyl sulfoxide saturated with NaCl) and stored at room temperature. Any hair collected was placed in a coin envelope and sealed in a plastic bag. All sampling was conducted D r a f t 7 under the direction of the University of Michigan's Committee on the Use and Care of Animals (Protocol PRO4800).
To determine the exact location of roadkill, coordinates were taken using the Android app GPS Coordinates (Woozilli, Inc., Sunnyvale, USA). Ear samples were collected from opossums that had died in the wildlife rehabilitation hospital at the Ohio Wildlife center in Columbus, Ohio, with the exact location of each opossum provided as the roadway intersection where it had been found injured. Licensed fur trappers and nuisance control operators in both Wisconsin and the Upper Peninsula of Michigan submitted tissue samples from opossums trapped during each state's recognized trapping season, and they provided the name of either the town or county where they trapped opossums.
DNA Extraction and PCR
Tissue samples were processed to isolate DNA using the QIAGEN DNeasy blood and tissue kit (Hilden, Germany). Concentrations of DNA ranged from 2.73 to 1115.2 ng/ul.
Polymerase chain reaction (PCR) was conducted for 11 polymorphic microsatellite markers, optimizing the PCR protocol for each fluorescently labelled primer (Fike et al. 2009 ). The number of PCR cycles was increased from 30 to 40 cycles, and a gradient was run for each primer pair to determine the optimal annealing temperature (Supplementary Table S1 
Population Genetic Analyses
The number of alleles at each locus were found using FSTAT 2.9.3.2 (Goudet 2002 
Estimation of genetic structure
To determine the number of genetic clusters of D. virginiana in Ohio, Wisconsin and Michigan, a Bayesian clustering method was implemented using STRUCTURE 2.3.4 (Pritchard et al. 2000 ). An admixture model with correlated allele frequencies and without location site A paired mantel test to evaluate the relationship between geographic and genetic distance was implemented in GenAlEx 6.5 (Peakall and Smouse 2012) to test for isolation-by-distance using all 85 samples. In addition, each genetic cluster identified in STRUCTURE (Pritchard et al. 2000) was individually tested for isolation-by-distance. Geographic distance and genetic distance were both calculated in a tri-distance matrix using GenAlEx (Peakall and Smouse 2012) .
Diversity in the expanding populations
To compare opossums at the edge of their range to their source populations, several diversity indices were calculated for each edge population and their respective putative source populations per results from STRUCTURE analysis. The edge population, UP, was compared to
Wisconsin. To compare the northern edge population in the Lower Peninsula of Michigan, this land mass was broken into two areas using county lines to differentiate the edge population found in counties north of Gratiot County (NLP) and the southern half of Michigan's Lower Peninsula (SLP), which has been occupied by opossums since the 1800s. County borders were used because they were associated with documented historical sightings of opossums and are used by government agencies when recording census and climate data. Opossums collected in the NLP were also compared to those collected in Ohio D r a f t
Expected heterozygosity (H E ), and observed heterozygosity (H O ) were measured in
Excel using the add-in program GenAlEx 6.5 (Peakall and Smouse 2012) while rarified allelic richness (A R ), the average number of alleles per locus, was calculated to a standardized population (g) of 8 using ADZE 1.0 for each genetic cluster identified in STRUCTURE (Szpiech et al. 2008) . Rarefaction accounts for the difference in sampling efforts between the different populations, which varied from 9 to 20 individuals (Kalinowski 2004) . Rarefied private allele richness (P R ), the number of unique alleles found in a population, was also computed using ADZE 1.0 (Szpiech et al. 2008) for g = 8.
Factors affecting range expansions
Two researchers proposed that the recent range expansion of the opossum has been facilitated by either human-provided resources (Kanda 2005) or diminished winters due to climate change (Myers 2009) . Habitat variables at the state level were determined to be too coarse-grained, and we therefore tested the influence of human development and climate on opossum genetic diversity at the county level. Counties with n > 3 or multiple adjacent counties with combined n > 3 were identified as regions to conduct a preliminary evaluation of putative influences on opossum genetic diversity. By sampling regions with 3-20 individuals, a sufficient number of regions were made available to conduct a general linear model and at least six alleles could be used in standardizing allelic richness across regions (Szpiech et al. 2008) . While small samples sizes may not reveal the true allelic diversity, rarefaction can allow for accurate comparisons between populations. In a study comparing a diverse population to a known lowdiversity population, a random sample of five individuals was sufficient to correctly reveal the low-diversity population using measures of rarified allelic richness (Pruett and Winker 2008) .
Data from each region (n = 11 regions) were collected for the following anthropogenic variables: human population density, housing density (US Census Bureau 2010) and density of farms (USDA NASS 2014). To calculate density measurements for regions containing multiple counties, raw census data were summed and density was calculated using the total land surface area of relevant counties (Supplementary Table S2 ).
2
Climate data for the 11 regions were collected from 1992 to 2013, as each region has been occupied by opossums for at least twenty years (Myers et al. 2009 ). County data for each region were downloaded from the National Climate Data center, http://www.ncdc.noaa.gov/cdoweb/search (accessed July, 2015), averaged, and analyzed in R (R Development Core Team 2014) to find the annual average maximum snow depth, 20-year extreme maximum snow depth, and annual average number of days with at least one inch (2.54 cm) of snow on the ground per region. Annual average daily minimum winter temperature (December-February) for each region was also calculated. The number of days in which the minimum or maximum temperature fell below freezing was collected as annual sums and averaged. When years had data from multiple weather stations, the values were averaged (Supplementary Table S2 ).
2 Allelic richness and private allele richness were rarefied to a g of 3 for each region using ADZE 1.0 (Szpiech et al. 2008 ). There was no correlation between sample size and either rarefied allelic richness or private allele richness (Pearson coefficients = -0.294 and 0.04, respectively). General linear models were designed using the generalized linear model option in (Fig. 3b) .
Across the entire sampling regime, isolation-by-distance was not found to be significant (r = 0.007; P = 0.39), and this pattern was repeated in the genetic cluster east of Lake Michigan (r = -0.072; P = 0.32). However, there was a faint but significant signal of isolation-by-distance on the western side of Lake Michigan (r = 0.175; P = 0.01).
Diversity in the expanding populations
When diversity measurements in the western genetic cluster were compared between the edge, UP, and its source population, Wisconsin, UP had significantly lower P R (Table 1) . When diversity measurements in the eastern genetic cluster were compared between the edge, NLP, and its two putative source populations (SLP and Ohio), there were no significant differences observed in either allelic richness or private alleles (Table 1) .
Factors affecting range expansions
A general linear model with rarefied allelic richness as the dependent variable had the highest support with human density and days of snow on the ground as covariates (Table 2; 
Discussion
Scientists have long sought to understand how species are distributed and the underlying forces controlling species ranges. Since the first citation of climate change as the driving force behind a contemporary range expansion (Payette 1987) , it has rapidly become the most common mechanism cited for recent range expansions throughout the world ( Bayesian clustering indicates two genetic clusters with strong geographical partitioning around Lake Michigan were represented among the opossums sampled (Fig. 3a) . The large geographic range of each cluster (both greater than 100,000 km 2 ) indicates substantial gene flow in Midwestern opossums (Fig. 3b) , and coincides with previous findings that opossums across Indiana belonged to a single genetic cluster (Hennessy et al. 2014 (Slatkin 1985) .
When diversity measurements were compared between the edge populations and their source populations, there was a stark difference between the two edges. The UP had reduced P R compared to Wisconsin, which is typically expected when comparing a younger, edge population to an older population. There was no significant difference in P R when the other edge, NLP, was compared to its source populations (Table 1) . In fact, this edge population had a higher number of private alleles, the opposite of what would be predicted using population genetics theory. The reduction in P R relative to source populations in the UP but not NLP might be explained by the P R general linear models. The strongest model included days with snow on the ground as a negative influence. When the NLP county, Bay, is compared to the UP county, Delta, there is a 70% increase in this variable in the UP (Supplementary Table S2 ). 2 Fewer days of snow on the ground in NLP may have allowed for a larger, older population to be sustained.
D r a f t
Based on the lack of reduction in A R , both expansion edges are likely to have been colonized numerous times, and do not appear to be suffering from substantial bottleneck events.
Alternatively, each genetic cluster as a whole may serve as edge populations when compared to more southern areas of the opossum range (e.g. Texas, Florida). A population genetics analysis across the opossum's range could reveal this information.
The general linear models evaluated in this study suggest a combination of snow variables and anthropogenic factors are shaping diversity measurements at the northwestern edge of the opossum's range. The best general linear models constructed to explain patterns of diversity (measured as rarefied allelic richness and private alleles) both included days of snow on the ground as a negative variable. Snow reduces an opossum's ability to forage, requiring them to use more fat storage and potentially leading to higher rates of starvation (Brocke 1970) . In addition to preventing foraging, by reducing traffic and the speed of vehicles, excess snow may reduce the likelihood of road kill, a food source used by opossums (Hobday 2010; Beatty et al. 2016 ).
Strongly supported models also included anthropogenic variables such as farm density, human density, and housing density (Tables 2 -3 ). The models indicate a positive impact on allelic richness by density of farms, suggesting agricultural areas may support more opossums, a pattern previously observed in a mark-recapture study conducted in the Midwest (Beatty et al.
suggested that traffic patterns on farm roads result in carrion upon which opossums would opportunistically scavenge. Research conducted in Indiana found that opossums avoided farmland in the winter , surviving winters by foraging in wooded areas and along roads instead Beatty et al. 2016 ). However, opossums at the northern edges of their range may be altering their foraging behavior because of increased snow levels.
For example, in Massachusetts, opossums wintering in forested areas rather than suburban areas did not survive into spring (Kanda et al. 2009 ).
Some of the highest performing models included housing density as a negative variable.
This suggests reduced gene flow and potentially higher mortality rates in urban regions.
Interestingly, human density had a negative influence on allelic richness models but a positive influence on private allele models. Regions with dense human occupation may serve as islands in a metapopulation, with reduced allelic richness and increased private alleles because of limited gene flow. Based on research conducted in New England, humans in suburban areas may be ameliorating the effects of winter by providing resources in the form of shelter, snow removal, and readily available food including trash, birdseed, and domestic pet feces (Kanda 2005 ). This hypothesis is consistent with the observation that opossums are absent from Schoolcraft County, which had approximately four times less human density than any Midwest region evaluated (Table S2 ). However, there may be a saturation point at which the density of urban land is too high to support large opossum populations.
The climate and anthropogenic data used to evaluate opossums collected in 2013 represent the variety of conditions in which these opossums were living, but are relatively static compared to the on-going range expansion of the opossum. However, in addition to the GLM results, there are historical anecdotal data to support the conclusion that land use change has D r a f t partially facilitated the opossum's expansion. For example, the opossum's initial colonization of Michigan and Wisconsin in the 1800s came prior to climate amelioration, and were anecdotally credited to forest clearing (Dice 1927; Jackson 1961) .
It is important to note there may be additional important factors that have been overlooked in the models presented, especially because the null model was a competing model for private allelic richness (Table 3) . Opossums use the dens of other animals and may heavily rely on the presence of other medium-sized mammals in forested areas when seeking refuge from winter temperatures (Brocke 1970) . However, models that account for the ecology of a species and their non-linear response to climate change have been found to more accurately predict field observations, and are likely to help scientists make more realistic predictions in the face of climate change (Mordecai et al. 2013 ).
Based on the lack of strong support for rarefied allelic richness models incorporating winter temperatures, it cannot be currently concluded that temperature is a strong factor in influencing the survival of opossums at the edge of their distribution. Temperature could have once been the limiting factor (Brocke 1970), but it may now be overcome by the increased presence of agriculture in areas with dangerously low winter temperatures. Based on thermoregulation studies conducted in the 1960s, it was assumed that the opossum's northern range in Michigan was closely linked to winter temperatures (Brocke 1970; Myers et al. 2009 ).
However, opossums have been observed beyond the temperature niche Brocke prescribed (Kanda and Fuller 2004) , and the top models in our study suggest that opossum populations are more impacted by the presence and longevity of snow than by harsh winter temperatures. The analysis of human variables and how they are related to diversity measurements suggest that agricultural lands are providing significant resources for Midwestern opossums and with D r a f t substantial gene flow across the study area, it appears that little is limiting the dispersal of opossums in this region apart from time.
Conclusions based on this study are potentially limited by sample size, i.e. 85 individuals across a large geographic area. However, based on previous population studies conducted in Indiana, in which opossums throughout the state clustered as one genetic unit, it is unlikely that substantial structure was missed with 85 opossums (Hennessy et al. 2014) . Although the question of biasing samples by collecting roadkill might be raised, opossum populations have not been found to be structured by roads (Beatty et al. 2012; Hennessy et al. 2014) , and roadkill opossums were found in urban, suburban, and rural areas. The analysis of putative factors influencing opossum colonization and survival is limited by using regions with low sample sizes. While rarefaction helps mitigate discrepancies between sample sizes, the calculations of diversity are not as accurate because of the limited input of data. This limitation is especially noticeable in our P R models, in which the intercept-only was a competitive model. These GLMs were designed as a preliminary analysis, and they suggest that both climate and human land use influence opossum survival. Mark-recapture and isotope studies, as well as more widespread genetic analyses, can help further elucidate the factors ultimately driving the opossum's expansion.
In this geographic analysis of environmental factors, results suggest the Virginia opossum's range expansion has been facilitated by both climate amelioration and land clearing for agriculture. The opossum appears to have capitalized on land use change over the past 200 years, and it is likely to continue its expansion into the northern Midwest, as evidenced by its recent appearance in North Dakota (Walsh, L.L., Seabloom, R., and C.W. Thompson, submitted,
The Prairie Naturalist). Allelic richness is used as a predictor for evolutionary potential (Kalinowski 2004) , and the relatively high measurements in both edge regions suggest opossums D r a f t 20 in the Midwest have a relatively high potential for adapting to novel communities. As a scavenger, they have positive effects on ecosystem services (Olson et al. 2012 ). However, they also carry parasites that have detrimental health effects on domestic animals including horses (Fenger et al. 1995) . Because of the multiple factors influencing the opossum's successful colonization, and the multiple effects they will have in new areas, the Virginia opossum continues to serve as a promising system to study range expansions. 
